Materials and Methods

DNA constructs
For transient expression of FF proteins we inserted AFF-1::FLAG, EFF-1::V5, Tsp-FF-1::FLAG, and Bfl-FF-1::FLAG into the pCAGGS mammalian expression vector (1) (Tables S1 and S3). Unless otherwise indicated we used 5' KpnI and 3' NheI to clone into pCAGGS.
To generate pOA20 (Table S3 ) the DNA encoded by pIZT-AFF-1 (2) was PCR amplified using primers OR55, OR56 (Table S4 ). To generate pOA19 the DNA encoded by pIZT-EFF-1A (3) was PCR amplified using primers OR54, OR55. To generate pOA35, DNA from a cDNA library (a kind gift from Isao Nagano) was PCR amplified using nested primers OR100-OR103. The PCR product was ligated into pGEMT-easy as recommended by Promega and then used as template for PCR amplification with primers OR111, OR112. To generate pOA60 the cDNA sequence corresponding to gi|210090015| with Flanking 5' KpnI 3' NheI was optimized for expression and synthesized (GeneScript). To label cytoplasm we used pRFPnes (4) , kindly provided by Claudio Giraudo and James Rothman. To label the nucleus we used pCFPnls encoding CFP with two tandem repeats of the nuclear localization signal (nls) from simian virus large T-antigen. To generate pCFPnls primers OR147-148 were used with pCH44 (4) (kindly provided by Claudio Giraudo and James Rothman.) as template.
The PCR product was cloned into the BamHI, EcoRI sites of pCDNA3.1 (+) (Invitrogen). To generate pOA6 P. pacificus genomic DNA (PS312) (5) was used as template with primers OR-19 and OR-22. The PCR product was ligated into pPD49.78 (6) . To generate pRSETA-AFF1EC primers AM66 and AM 67 were used with AFF-1 cDNA as template (2) . The PCR product was cloned into the BglII, KpnI sites of pRSET-A (Invitrogen). All sequences were verified by sequencing.
Nematode strains
Nematode strains were maintained according to standard protocols (5, 6) . In addition to the wild-type strain N2, the following strains were used: LGII: BP347 eff-1(ok1021) (3) . LGIV:
SU93 jcIs1[ajm-1::gfp, pRF4] (7), BP421 eff-1(ok1021)II; hyEx161[ajm-1::gfp, pOA6 (Ce- hsp::Ppa-ff-1)]. To drive Ppa-ff-1 ectopic expression in C. elegans, 10 ng/µl of pOA6 were co-injected with 10 ng/µl of the apical junction marker AJM-1::GFP (hyEx161).
Bioinformatics
Identification and characterization of new members of the FF family FF proteins in nematodes were identified as described (8) . For the Chordate, Ctenophore and Arthropod sequences the BLAST search provided by the National Center for Biotechnology Information (NCBI) was used. For annotation we used the Augustus gene prediction software (9) with the training set for C. elegans. In some cases we manually corrected the gene model based on the multiple sequence alignment (Fig. S1B) . Accession numbers and databases are summarized in Table S1 .
Phylogeny of FF proteins (Fig. 1A)
Phylogenetic analyses were conducted in MEGA4 (10) . The evolutionary history was inferred using the Maximum Parsimony (MP) method (11) . The MP tree was obtained using the Close-Neighbor-Interchange algorithm (12) with search level 3 (12, 13) in which the initial trees were obtained with the random addition of sequences (10 replicates). All positions containing gaps and missing data were eliminated from the dataset (Complete Deletion option). The signal sequence was removed from the final dataset. Evolutionary relationships of 14 (right) and 25 (left) taxa is shown (Fig. 1A) . For 14 taxa the full length sequence of the extracellular domain was used. Tree #1 out of 3 most parsimonious trees (length = 1165) is shown. The consistency index is (0.926554), the retention index is (0.930667), and the composite index is 0.868356 (0.862313) for all sites and parsimony-informative sites (in parentheses). There were a total of 438 positions in the final dataset, out of which 344 were parsimony informative. For 25 taxa the amino acid sequences corresponding to the TGFβ-RI like domains (2) AFF-1(84-192) were used; the sequence of the N. gruberi served as an outgroup. Tree #1 out of 9 most parsimonious trees (length = 469) is shown. The consistency index is (0.727876), the retention index is (0.717241), and the composite index is 0.529138 (0.522063) for all sites and parsimony-informative sites (in parentheses). There were a total of 75 positions in the final dataset, out of which 60 were parsimony informative.
Secondary structure prediction (Fig. S1C) Predictions were performed using the JNET method (14, 15) available from the web services of the Jalview 2.5 software (16, 17) .
Cells and reagents
All Baby Hamster Kidney cells (BHK) were BHK-21(ATCC) (18) . BHK cells and their growth conditions were according to standard protocols. Dulbecco's modified Eagle's medium (DMEM), Penn/Strep, L-glutamine, and sodium pyruvate (Gibco), Fetal Bovine Serum (Biological Industries, Kibbutz Beit Haemek, Israel). Experiments with Sf9 cells and their growth conditions were as described (2, 3) .
Cell-cell fusion assay
BHK cells at ~70% confluence were transfected using Fugene6 (Roche) with 2 µg of pCAGGS DNA (FF or empty vector) and 0.5 µg of pRFPnes DNA in 35 mm tissue culture dishes (Corning) containing a glass cover slip on the bottom (Knittel). At 14-24 hours posttransfection the cells were fixed with 4% paraformaldehyde in PBS and processed for immunofluorescence. To assay multinucleated cells, we stained cell nuclei with Hoechst (1 µg/ml, H3570, Molecular Probes) or 1 µg/ml DAPI for 10 min at room temperature (3) . We counted the number of nuclei in expressing cells as marked by pRFPnes or antibody staining (see below), using either a Zeiss Axiovert 200M inverted or a Nikon Eclipse E800 upright fluorescence microscope. The fusion indexes (shown as percentage of fusion) were defined as the ratio between the number of nuclei in multinucleated cells and the total number of nuclei in fused cells and expressing cells that were in contact but did not fuse. The fusion indexes are presented as means ± standard errors of at least eight independent experiments. Each experiment consisted of at least two replicates of the same transfection (2, 3) . Transfection efficiency was evaluated as 40-60% based on pRFPnes and antibody staining.
Color mixing assay
Cytoplasmic content mixing assays were performed as described (4) 
Pseudovirus preparation
Recombinant viruses were recovered as described (19) with some modifications (Fig. S3 ).
BHK cells were grown to 70% confluence on 10 cm plates and then transfected with plasmids encoding pCAGGS empty vector, pOA19 or pOA20 (Table S3) . Following 24 hour incubation at 37°C in 5% CO 2 , cells were infected with VSVG-complemented VSV∆G recombinant virus (VSV∆G-G) at a multiplicity of infection (MOI) of 2-5 for 1 hour at 37°C in a 5% CO 2 incubator in serum free culture medium (DMEM). Virus infected cells were washed at least 3 times with serum-free DMEM or PBS to remove unabsorbed VSV∆G-G virus. Following a 24 hour incubation period at 37°C the supernatant and cells containing the VSV∆G, VSV∆G-EFF-1, or VSV∆G-AFF-1 pseudoviruses were harvested and centrifuged at 600 g for 10 min at 4°C to clear cell debris. Virions were removed from the supernatant by pelleting at 100,000 g through a 20% sucrose cushion, and resuspended in 10% sucrose in Hepes/NaCl buffer (25 mM Hepes, 130 mM NaCl pH 7.4). For TEM, virions were additionally concentrated by centrifugation at 100,000 g.
Titering VSV pseudotype viruses on BHK cells
To determine the titer of each pseudovirus preparation, 3x10 4 paraformaldehyde. Samples were maintained on ice and examined for GFP expression using a BD FACS Calibur (N=20,000 cells, Fig. S5 ).
Biochemical analysis
To detect proteins by immunoblot, samples were treated with SDS-PAGE sample buffer containing 10% of β-mercaptoethanol, boiled for 5 minutes and examined on an 8%, 10% or 
Production of mouse anti-AFF-1 polyclonal antibodies
The extracellular domain of AFF-1 (AFF-1EC) was sub-cloned into pRSET-A that introduced 6xHis at the N terminus (Table S3 ). The AFF-1EC::6xHis fusion protein was over-expressed 
Transmission Electron Microscopy (TEM)
Negative staining-TEM A 400-mesh carbon-coated grid was placed on a 20 µl sample drop for 2 min and blotted with a filter paper. The sample was chemically stained by placing the grid on a 20 µl drop of 2% uranyl acetate for 2 min followed by blotting with a filter paper and air-drying. Specimens were examined in a Tecnai T12 G 2 TEM (FEI) or in a Philips CM120 transmission electron microscopes operated at 120 kV. Images were recorded digitally on a Gatan UltraScan 1000 2k x 2k camera or the Gatan 791 wide-angle camera using the DigitalMicrograph software (Gatan, U.K.)
Cryo electron microscopy A 3-µl drop of the sample was placed on a glow-discharged holey carbon coated copper electron microscopy grid (C-flat, Protochips). The drop was blotted, and the sample was vitrified by plunging into liquid ethane (−183°C). The specimen was then transferred to liquid nitrogen (-196°C) for storage. Vitrified specimens were examined on a Tecnai F30 Polara TEM (FEI) operated at 300 kV and equipped with a GIF2002 postcolumn energy filter (Gatan) operated in zero loss mode. 2K×2K images were acquired at a calibrated magnification of 27,500x, resulting in a pixel size of 0.5 nm at the specimen level. Projection images were recorded at defocus settings between -4 µm to -6 µm using SerialEM (22) . In some experiments specimens were also examined in a Tecnai T12 G 2 TEM (FEI) operated at 120 kV (data not shown) and images were recorded digitally on a Gatan UltraScan 1000 2K x 2K camera using the DigitalMicrograph software (Gatan; (23, 24) .
Cryo electron tomography A 3-µl aliquot of the pseudotyped virus preparations was pipetted onto a glow-discharged holey carbon coated copper electron microscopy grid (C-flat, Protochips). Colloidal 10 nm diameter gold particles coupled to bovine serum albumin (BSA) were added, excess liquid was absorbed using a filter paper and the grids were vitrified by plunge-freezing in liquid ethane. Vitrified grids were stored in liquid nitrogen until examined on a Tecnai Polara TEM (FEI) operated at 300 kV and equipped with a GIF2002 or Tridem postcolumn energy filter (Gatan) operated in zero loss mode and 2K×2K images were acquired at a calibrated pixel size of 0.5 nm or 0.47 nm at the specimen level, respectively. Tilt series were collected at a defocus of either -6 µm for the viral tomogram or -8 µm for the vesicle tomogram in two-degree increments covering an angular range from -60° to 60° using SerialEM (22) . The total electron dose was kept below 100 electrons/Å². Tilt series were aligned using gold beads as fiducials. Three dimensional reconstructions were calculated from the tilt series in IMOD (25) using weighted back projection. Movies and slices for figures were prepared using Amira 5.2
(Visage Imaging).
Measurements
The width and length of the particles on the surface of viruses and vesicles were measured from images of negatively stained samples using ImageJ Software 1.410. The G glycoprotein was measured as control and the obtained size was compared to published dimensions (26) .
Unpaired t tests were performed (P<0.0001).
Immunogold labeling Excess stain was removed and the grids were air-dried. Images were recorded digitally as described above. (Table S1 ). T. spiralis (Tsp-FF-1) and P. pacificus (Ppa-FF-1) correspond to gi|162730680 and Contig235.2 of the PpaFreeze1.bases database. Sequences retrieved for N. gruberi (Ngr-FF-1) correspond to gi|284087402 (Table S1 ). Annotation was performed as previously described (2) . (B) Schematic representation of the multiple sequence alignment of FF proteins. Sequence alignment of conserved sequence motifs is shown. Alignment color code was according to the Clustal X color scheme with 40% conservation color increment in Jalview software (17) . The background color of each domain is as in (A). (C) Secondary structure prediction of AFF-1 based on the multiple sequence alignment of FF proteins. The consensus prediction is shown -alpha helices are marked as red tubes, and beta sheets as green arrows. (Table S1 ) was PCR amplified from P. pacificus genomic DNA and cloned downstream to a heat shock promoter (hsp16.2) from C. elegans. Transgenic worms were generated using microinjection of the wild type strain (N2) and crossed to eff-1(ok1021) (27) . Ectopic cell fusion was visualized by following the disappearance of an apical junction marker from fusing membranes (AJM-1::GFP) using confocal Z series reconstruction (2, 27) (A-C) Top, center and bottom slices from cryoET of vesicle preparations displaying penta-or hexa-meric "flower" shaped assemblies (see Movie S5). Scale bars are 100 nm and 10 nm for the inset; white box: magnified area shown in inset. Table S1 . Sequence identifiers
Supplemental tables
Species
Sequence Identifier
Caenorhabditis elegans
CeAFF-1
CeEFF-1
C26D10.7 (CeEFF-2)
Caenorhabditis briggsae Cbr-aff-1
Cbr-eff-1
Caenorhabditis japonica CJA05978 CJA03218
Caenorhabditis ramanei Cre-aff-1
Cre-eff-1 
Caenorhabditis brenneri
Trichinella pseudospiralis gi|149208398|gb|EF601568.1|
Trichinella papuae gi|149208399|gb|EF601569.1|
Meloidogyne incognita gi|19265127|
Meloidogyne arenaria gi|15768755|
Meloidogyne hapla gi|207096946|
Globodera pallida gi|54548408|
Ancylostoma caninum gi|157990577|
Brugia Malayi Bm1_09970 + Bm1_09975
Bm1_24045
Haemonchus contortus gb|CA869252.1| gi|27320801|
Ascaris suum gi|113050648|
Oscheius 
Pleurobrachia pileus gi|167791107|
Calanus finmarchicus gi|190134016|
Lepeophtheirus salmonis gi|293020530|
Naegleria gruberi gi|284087402; gi|284087338|; gi|284083966|; gi|284083965| est's GI:168534442; GI:168542950 pIZT-AFF-1::FLAG C. elegans aff-1 fused to a C-terminal FLAG tag (AFF-1::FLAG) in pIZT (2) pRFPnes DsRed2 with a nuclear export signal (pCH19)
pCAGGS-Gind VSV G Indiana strain (29) 
Supplemental movie legends
Movie S1. Fusion of BHK cells mediated by AFF-1 (Fig. S6) . Timer presents hh::mm. Merger of cytoplasms is revealed by the transfer of bright fluorescence (white) from the small cell to the bigger cell (arrowhead). Scale bar is 20 µm.
Movie S2. Multinucleated cells expressing AFF-1 fuse (phase contrast). Scale bar is 20 µm. Timer presents hh::mm.
Movie S3.
CryoET reconstruction (series of computational slices through the tomogram) of VSV∆G-AFF-1 (See Fig. 4 I to K).
Movie S4 and S5
CryoET reconstruction (series of computational slices through the tomogram) of vesicles co-purified in VSV∆G-AFF-1 preparations displaying penta-or hexameric "flower" shaped assemblies (See Figs. 4 L, M and S9).
